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Agreement between arterial partial pressure of carbon dioxide and
saturation of hemoglobin with oxygen values obtained by direct arterial
blood measurements versus noninvasive methods in conscious healthy
and ill foals
Abstract
Objective—To determine agreement between indirect measurements of end-tidal partial pressure of carbon
dioxide (Petco2) and saturation of hemoglobin with oxygen as measured by pulse oximetry (Spo2) with
direct measurements of Paco2 and calculated saturation of hemoglobin with oxygen in arterial blood (Sao2)
in conscious healthy and ill foals. Design—Validation study. Animals—10 healthy and 21 ill neonatal foals.
Procedures—Arterial blood gas analysis was performed on healthy and ill foals examined at a veterinary
teaching hospital to determine direct measurements of Paco2 and Pao2 along with Sao2. Concurrently, Petco2
was measured with a capnograph inserted into a naris, and Spo2 was measured with a reflectance probe placed
at the base of the tail. Paired values were compared by use of Pearson correlation coefficients, and level of
agreement was assessed with the Bland-Altman method. Results—Mean ± SD difference between Paco2 and
Petco2 was 0.1 ± 5.0 mm Hg. There was significant strong correlation (r = 0.779) and good agreement
between Paco2 and Petco2. Mean ± SD difference between Sao2 and Spo2 was 2.5 ± 3.5%. There was
significant moderate correlation (r = 0.499) and acceptable agreement between Sao2 and Spo2. Conclusions
and Clinical Relevance—Both Petco2 obtained by use of nasal capnography and Spo2 obtained with a
reflectance probe are clinically applicable and accurate indirect methods of estimating and monitoring Paco2
and Sao2 in neonatal foals. Indirect methods should not replace periodic direct measurement of
corresponding parameters.
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Ill foals presented for veterinary care often require as-sessment of blood oxygenation and evaluation of the 
status of patient ventilation.1 Arterial blood gas analysis 
remains the gold standard for evaluation of these vari-
ables and is commonly used for this purpose to define 
and monitor arterial blood oxygenation and pulmonary 
function in ill foals. However, it can be difficult to collect 
arterial blood samples from foals, particularly foals with 
hypovolemia or in a state of circulatory shock. Other 
limitations and disadvantages of arteriopuncture include 
inadvertent collection of venous blood, hematoma for-
mation, and poor patient cooperation. Furthermore, re-
peated arterial blood sample collection can result in pain 
and stress in foals along with vascular trauma and added 
client expense. In humans, capnography and pulse ox-
imetry are noninvasive methods of assessing the Paco
2
 
and the Sao
2
, respectively, as indirect measures of venti-
lation and oxygenation.2
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Objective—To determine agreement between indirect measurements of end-tidal par-
tial pressure of carbon dioxide (Petco
2
) and saturation of hemoglobin with oxygen as 
measured by pulse oximetry (Spo
2
) with direct measurements of Paco
2
 and calculated 
saturation of hemoglobin with oxygen in arterial blood (Sao
2
) in conscious healthy and 
ill foals.
Design—Validation study.
Animals—10 healthy and 21 ill neonatal foals.
Procedures—Arterial blood gas analysis was performed on healthy and ill foals examined 
at a veterinary teaching hospital to determine direct measurements of Paco2 and Pao2 
along with Sao2. Concurrently, Petco2 was measured with a capnograph inserted into a na-
ris, and Spo
2
 was measured with a reflectance probe placed at the base of the tail. Paired 
values were compared by use of Pearson correlation coefficients, and level of agreement 
was assessed with the Bland-Altman method.
Results—Mean ± SD difference between Paco
2
 and Petco
2
 was 0.1 ± 5.0 mm Hg. There 
was significant strong correlation (r = 0.779) and good agreement between Paco
2
 and 
Petco2. Mean ± SD difference between Sao2 and Spo2 was 2.5 ± 3.5%. There was signifi-
cant moderate correlation (r = 0.499) and acceptable agreement between Sao
2
 and Spo
2
. 
Conclusions and Clinical Relevance—Both Petco
2
 obtained by use of nasal capnography 
and Spo
2
 obtained with a reflectance probe are clinically applicable and accurate indirect 
methods of estimating and monitoring Paco
2
 and Sao
2
 in neonatal foals. Indirect methods 
should not replace periodic direct measurement of corresponding parameters. (J Am Vet 
Med Assoc 2011;239:1341–1347)
In general, the Petco
2
 is lower than arterial val-
ues because of intrapulmonary dead-space ventilation, 
physiologic shunting, and variation in ventilation-to-
perfusion ratios.3–6 In healthy people and small animal 
species, the difference between Paco
2
 and Petco
2
, also 
known as the Paco
2
–Petco
2
 gradient, is < 5 mm Hg.5,7,8 
The correlation between Petco
2
 and Paco
2
 has been 
good in awake, nonintubated people and dogs.5,6,9–11 
However, neither the correlation between Petco
2
 and 
Paco
2
 nor the evaluation of the Paco
2
–Petco
2
 gradi-
ent in conscious neonatal foals has been investigated. 
Similarly, numerous studies2,12 on infants have dem-
onstrated good to excellent accuracy and reliability of 
Sao
2
 measured by use of pulse oximetry, compared with 
the accuracy and reliability calculated by use of arterial 
blood gas analysis, in the neonatal critical care setting. 
From the Lloyd Veterinary Medical Center, Department of Veterinary 
Clinical Sciences (Wong, Alcott, Bornkamp, Young, Sponseller), 
and the Department of Production Animal Medicine (Wang), Col-
lege of Veterinary Medicine, Iowa State University, Ames, IA 50011.
Address correspondence to Dr. Wong (dwong@iastate.edu).
Abbreviations
Petco
2
 End-tidal partial pressure of carbon dioxide
Sao
2
 Calculated saturation of hemoglobin with  
   oxygen in arterial blood
Spo
2
 Saturation of hemoglobin with oxygen as  
   measured by use of pulse oximetry
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One study13 on foals concluded that pulse oximetry 
is a valuable method for assessing Sao
2
 in anesthe-
tized foals. However, investigation into the useful-
ness and accuracy of pulse oximetry in conscious 
healthy and ill foals, compared with measurements 
calculated from arterial blood gas analysis, has not 
been performed.
If adequate agreement between direct and indirect 
measurements of Paco2 and Sao2 exists, indirect as-
sessment of these variables in conscious foals may be 
helpful in the therapeutic management of ill foals and 
may provide a less invasive, continuous, and more af-
fordable means of patient monitoring. Therefore, the 
purpose of the study reported here was to evaluate the 
agreement between Paco
2
 and Petco
2
 in healthy and ill 
spontaneously breathing nonintubated foals. In addi-
tion, the agreement between the Spo2 and Sao2 was de-
termined. A further objective was to determine whether 
respiratory rate, heart rate, or rectal temperature was 
associated with the accuracy of capnography or pulse 
oximetry. We hypothesized that there would be good 
agreement between both Paco
2
 and Petco
2
 as well as 
between Spo
2
 and Sao
2
.
Materials and Methods
Animals—This prospective study included all neo-
natal foals (≤ 10 days of age) admitted to or born at the 
Lloyd Veterinary Medical Center at Iowa State Univer-
sity between January and May 2010, in which an arte-
rial blood gas analysis was performed as part of their 
diagnostic evaluation. This included healthy foals born 
from mares admitted for monitoring and facilitation of 
parturition, healthy and ill foals born from mares with 
placentitis, and ill foals admitted for various medical 
disorders. Foals were considered healthy on the basis 
of physical examination, adequate transfer of maternal 
antibodies, and historical absence of maternal disorders 
during gestation or parturition. Definitive diagnosis in 
ill foals was based on clinical and diagnostic evaluation, 
which may have included a CBC, serum biochemical 
analysis, aerobic and anaerobic bacterial culture of 
blood samples, evaluation of serum immunoglobulin 
concentration, and ancillary diagnostic tests such as 
radiography and ultrasonography. Not all diagnostic 
testing was performed on all ill foals but was left to the 
discretion of the attending clinician. The experimental 
protocol was approved by the Institutional Animal Care 
and Use Committee of Iowa State University.
Procedures—Arterial blood samples were col-
lected anaerobically into heparinized syringes from 
the dorsal metatarsal artery in all foals while in lateral 
recumbency at different times throughout hospitaliza-
tion. All samples were analyzed within 5 minutes by 
use of a blood gas analyzera; blood gas measurements 
(Paco
2
 and Pao
2
) were corrected to the foal’s rectal tem-
perature but not for the elevation at which the experi-
ment was conducted (280.4 m [920 feet]). The Sao
2
 
was obtained from measured Pao
2
 by use of a disso-
ciation curve described for equine hemoglobin.14 The 
blood gas analyzer was calibrated with reagent packs 
and gas standards prior to and every hour of each day 
during experimentation. Within 2 minutes after col-
lection of arterial blood, and while foals were still in 
lateral recumbency, a reflectance transducerb was po-
sitioned over the coccygeal artery until a strong and 
consistent signal was detected, then was secured to the 
tail base with adhesive tape for indirect measurement of 
Spo
2
 by use of a commercial patient monitor.c Consecu-
tive measurements of Spo
2
 data were continuously re-
corded over a 2-minute period. Values of Spo
2
 were 
recorded only if the pulse rate displayed on the oxim-
eter was equal to the heart rate indicated by thoracic 
auscultation. Additionally, to obtain a sample of gas 
from the nasopharynx, a modified nasal tube (endo-
tracheal tube with a 7-mm outer diameter cut to 4 cm 
in length) was connected to a side-stream capnograph 
and then inserted deep into a naris of the foal. Con-
secutive measurements of respiratory rate and Petco
2
 
were continuously monitored and recorded for 2 min-
utes by use of a commercially available capnograph.c 
The capnograph was calibrated prior to experimental 
use by means of manufacturer-supplied gas. The Spo
2
 
and Petco
2
 values were subsequently averaged with 
the mean value used for subsequent analysis.
Statistical analysis—Sample mean ± SD values 
were calculated for all variables. The association be-
tween Petco
2
 and Paco
2
 was assessed by use of Pear-
son correlation coefficients and tested for significance. 
Similarly, the association between Spo
2
 and Sao
2
 was 
assessed by use of Pearson correlation coefficients and 
tested for significance.
To assess levels of agreement, differences were 
calculated and summarized by use of mean ± SD val-
ues between the paired values of Petco
2
 and Paco
2
 and 
between the paired values of Sao
2
 and Spo
2
. The 95% 
limits of agreement were calculated as mean difference 
± 2 SD of the difference.15 A paired t test was applied 
to test the difference of the mean value for each of the 
pairs. The association between paired differences and 
the variables respiratory rate, heart rate, and rectal tem-
perature was assessed by use of Pearson correlation co-
efficients. The association between paired differences 
and health status (healthy or ill) was assessed by use 
of a 2-sample t test. Values of P ≤ 0.05 were considered 
significant. Correlation coefficients were interpreted as 
weak (< 0.4), moderate (0.4 to 0.7), or strong (> 0.7).5
Results
Thirty-one neonatal foals were evaluated during 
the study period; breeds included Quarter Horse (n = 
13), Thoroughbred (9), Paint (6), Percheron (1), Ap-
paloosa (1), and Standardbred (1). Foals had a mean 
age of 4.1 days (range, 1 to 10 days) and a mean body 
weight of 52.7 kg (115.9 lb; range, 38 to 68 kg [83.6 
to 149.6 lb]). Various coat colors were represented in-
cluding bay and sorrel. There were 13 fillies and 18 
colts, of which 10 were healthy and 21 were ill. Medical 
disorders of ill foals included failure of passive transfer 
of maternal antibodies, septicemia, enteritis and coli-
tis, neonatal encephalopathy, patent urachus, neonatal 
isoerythrolysis, musculoskeletal disorders, congenital 
aganglionosis, and intussusception; some ill foals had 
> 1 concurrent disorder. The mean ± SD rectal tem-
perature, heart rate, and respiratory rate were 38.2 ± 
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0.6°C (100.7 ± 1.0°F), 99 ± 19.8 beats/min, and 36 ± 
18 breaths/min, respectively.
Regarding co
2
 values, the mean ± SD measurements of 
Paco
2
 and Petco
2
 for healthy foals were 49.2 ± 3.7 mm Hg 
and 48.5 ± 6.0 mm Hg, respectively, whereas mean mea-
surements for ill foals were 48.3 ± 9.1 mm Hg and 48.5 ± 
8.6 mm Hg, respectively. There was no significant differ-
ence in the mean values of Paco2 or Petco2 between the 
2 groups; therefore, all individual measurements from 
healthy and ill foals were pooled, yielding a mean ± SD 
Paco
2
 and Petco
2
 of 48.6 ± 7.8 mm Hg (range, 42.8 to 
67.1 mm Hg) and 48.5 ± 7.7 mm Hg (range, 33.4 to 66.3 
mm Hg), respectively. There was a strong and significant 
linear correlation (r = 0.792; P < 0.001) between Paco
2
 
and Petco
2
 with the calculated 95% limits of agreement 
of –9.9 to 10.1 mm Hg (Figures 1 and 2). The mean ± SD 
Paco
2
–Petco
2
 gradient was 0.7 ± 4.4 mm Hg for healthy 
foals and –0.2 ± 5.3 mm Hg for ill foals, with no signifi-
cant difference between the means; therefore, the values 
of healthy and ill foals were pooled, yielding a mean ± SD 
 
Paco
2
–Petco
2
 gradient of 0.1 ± 5.0 mm Hg. Individual 
Petco
2
 measurements were within ± 2 mm Hg of Paco
2
 
in 13 of 31 foals, within ± 5 mm Hg of Paco
2
 in 24 of 31 
foals, and within ± 10 mm Hg of Paco
2
 in 26 of 31 foals. 
There was no significant correlation between the mean 
Paco
2
–Petco
2
 gradient and respiratory rate, heart rate, or 
rectal temperature. As noted, the difference between the 
mean ± SD Paco
2
 and Petco
2
 in all foals (ie, the Paco
2
–
Petco
2
 gradient) was 0.1 mm Hg.
The reflectance transducer, placed at the base 
of the tail, provided a reliable pulse rate compara-
ble with that obtained via thoracic auscultation in 
all foals. The mean ± SD Sao
2
 and Spo
2
 for healthy 
foals were 96.2 ± 1.4% and 93.2 ± 3.5%, respectively, 
whereas mean measurements for ill foals were 95.3 ± 
2.5% and 93.1 ± 4.1%, respectively. There was no sig-
nificant difference in the mean values of Sao
2
 or Spo2 
between healthy and ill foals; therefore, individual 
measurements from healthy and ill foals were pooled, 
yielding a mean ± SD Sao
2
 and Spo
2
 of 95.6 ± 2.2% 
(range, 88.9% to 97.8%) and 93.1 ± 3.9% (range, 
85.3% to 100.0%), respectively. The mean value of 
Sao
2
 was significantly (P < 0.001) higher than that 
of Spo
2
. There was a moderate and significant linear 
correlation (r = 0.450; P = 0.011) between Sao
2
 and 
Spo
2
 (Figure 3). Calculated 95% limits of agreement 
were –4.5% to 9.5% (Figure 4). The mean ± SD differ-
ence between reported Sao
2
 and Spo
2
 was 3.0 ± 3.4% 
for healthy foals and 2.3 ± 3.6% for ill foals, with no 
significant difference between the means; therefore, 
the values of healthy and ill foals were pooled, yield-
ing a mean ± SD difference between Sao
2
 and Spo
2
 of 
2.5 ± 3.5%. Individual Sao2 values were within ± 2% 
of Spo
2
 values in 10 of 31 foals, within ± 5% in 22 of 
Figure 2—Bland-Altman plot of the difference between Paco
2
 
and Petco
2
 versus the mean of Paco
2
 and Petco
2
. Paired measure-
ments of Paco2 and Petco2 were used to determine the partial 
pressure of CO
2
 in 31 conscious neonatal foals (10 healthy and 
21 ill). Dashed horizontal lines represent the 95% limits of agree-
ment (ie, mean difference ± 2 SD).
Figure 1—Scatterplot of paired measurements of Petco2 and 
Paco2 for 31 conscious neonatal foals (10 healthy and 21 ill). The 
solid line represents the line of identity.
Figure 3—Scatterplot of paired measurements of Spo
2
 and Sao2 
for 31 conscious neonatal foals (10 healthy and 21 ill). The solid 
line represents the line of identity.
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31 foals, and within ± 10% in 31 of 31 foals. In addi-
tion, there was no significant correlation between the 
mean Sao
2
 and Spo
2
 difference and respiratory rate, 
heart rate, or rectal temperature.
Discussion
Both hypercapnia and hypocapnia can be detrimen-
tal to neonatal foals. Hypercapnia results in respiratory 
acidemia and cerebral vasodilation, which can subse-
quently increase cerebral blood flow and intracranial 
pressure; these changes can consequently result in intra-
cranial hemorrhage.16,17 Conversely, hypocapnia can in-
crease the risk for cerebral injury as a result of decreased 
blood flow to the brain, leading to ischemia of the white 
matter.16,17 Thus, maintaining the Paco
2
 concentration 
within the range observed in healthy individuals is an 
important goal in the care of critical patients. One par-
ticular situation in which foals can become substantially 
hypercapnic is with the clinical syndrome of neonatal 
encephalopathy.18,19 A noninvasive method of estimating 
Paco
2
 and detecting hypercapnia or hypocapnia would 
improve clinical evaluation and monitoring of ill foals 
with underlying ventilatory or pulmonary disorders and 
would guide treatment while avoiding frequent arterio-
puncture. Results of this study support the use of Petco
2
 
monitoring as an estimate of Paco
2
 in ill neonatal foals 
on the basis of a significant and strong correlation and 
relatively good agreement between the 2 measurements.
Although Petco
2
 was strongly correlated with Paco
2
 
in this study (r = 0.792), correlation is a measure of as-
sociation between 2 measurements, rather than agree-
ment between 2 measurements. Perfect correlation ex-
ists between 2 methods when pairs of measurements 
approximate a straight line. However, interpretation of 
correlation can be deceiving; for example, if 2 differ-
ent rectal thermometers always differ by 10°C (50°F), 
the 2 thermometers are strongly correlated but their 
level of agreement is low. Perfect agreement exists be-
tween 2 methods when pairs of measurements lie along 
a line of unity with a slope of 1 and an intercept of 
0.15 Therefore, it is agreement, rather than correlation, 
that determines whether one method of measurement 
can replace another.20 The 95% limits of agreement be-
tween Paco2 and Petco2 in this study were –9.9 to 10.1 
mm Hg, indicating that 95% of Petco
2
 measurements 
were from 10.1 mm Hg less than to 9.9 mm Hg greater 
than measured Paco
2
. This range can be subjectively 
interpreted in different ways. In an analogous study5 
evaluating the agreement between Paco
2
 and Petco
2
 in 
dogs, the 95% limits of agreement (–5.7 to 14.1 mm 
Hg) were similar to those documented in the study pre-
sented here.5 The authors of the aforementioned study 
in dogs concluded that Petco
2
 was a clinically useful 
method of monitoring ventilation in ill dogs. Converse-
ly, the 95% limits of agreement in a comparable study6 
in children were –12.9 to 5.5 mm Hg; in that study, the 
authors concluded that this range was clinically too im-
precise to replace Paco
2
. In the present study, we con-
sider the 95% limits of agreement between Petco
2
 and 
Paco
2
 as an acceptable adjunctive method of estimating 
and monitoring changes in Paco
2
, especially consider-
ing that 77.4% of Petco
2
 measurements were within 5 
mm Hg of paired Paco
2
 measurements. Additionally, the 
limits of agreement in the present study (10.1 mm Hg) 
were better than those in the aforementioned studies in 
dogs (14.07 mm Hg)5 and children (12.88 mm Hg),6  as 
the present study was smaller in magnitude than those 
previous studies. Moreover, the mean Paco
2
–Petco
2
 
gradient was only 0.1 mm Hg, indicating little bias in 
the use of Petco
2
 to approximate Paco
2
. Together, this 
information suggests that Petco
2
 can be used to esti-
mate Paco
2
 and monitor ventilatory status in conscious, 
spontaneously breathing neonatal foals. In the present 
study, there was no correlation between the mean 
Paco
2
–Petco
2
 gradient nor mean difference between 
Sao
2
 and Spo
2
 and respiratory rate, heart rate, or rec-
tal temperature, suggesting that variations in these 
variables such as tachypnea, tachycardia, or fever, 
which are commonly observed in ill foals, do not sig-
nificantly alter the association between direct and in-
direct measured values of Paco
2
 or Sao
2
. As with any 
indirect clinicopathologic measurements, periodic 
direct measurement of Paco
2
 is a prudent approach 
to monitor patients, especially when drastic changes 
are observed in indirect measurements.
Previous studies3,21–23 have evaluated the use of 
capnography (Petco2) to monitor Paco2 in anesthetized 
adult horses and foals. In 1 study22 involving anesthe-
tized adult horses, there was a significant correlation (r 
= 0.805; P < 0.001) between Petco2 and Paco2, with a 
mean ± SD Paco
2
–Petco
2
 gradient of 11.9 ± 8.1 mm Hg 
for halothane anesthesia. Those authors concluded that 
Petco
2
 monitoring was an acceptable means of monitor-
ing respiratory acid-base balance. Alternatively, authors 
of another study23 did not recommend capnography as 
a method of evaluating Paco
2
 on the basis of poor lim-
its of agreement between Petco
2
 and Paco
2
 (–20.1 to 
8.7 mm Hg) in anesthetized adult horses. In a study3 
involving anesthetized foals, the mean ± SD Paco
2
–
Petco2 gradient was 7 ± 5 mm Hg (5 to 60 minutes 
after induction). This difference significantly increased 
to 13 ± 5 mm Hg 65 to 90 minutes after induction. The 
authors concluded that Petco
2
 was useful in predict-
Figure 4—Bland-Altman plot of the difference between Sao
2
 and 
Spo2 versus the mean of Sao2 and Spo2. Paired measurements 
of Sao
2
 and Spo
2 
were used to determine the saturation of he-
moglobin with oxygen in 31 conscious neonatal foals (10 healthy 
and 21 ill). Dashed horizontal lines represent the 95% limits of 
agreement (ie, mean difference ± 2 SD).
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ing changes in Paco
2
 during the early (< 60 minutes) 
anesthetic period, but also stated that the margin for 
error in predicting Paco
2
 from Petco
2
 was unacceptable 
for making clinical judgments about ventilatory status 
in anesthetized foals.3 In previous equine studies3,22,23 
comparing Paco
2
 and Petco
2
, it is clear that anesthesia 
negatively impacts the association between these vari-
ables because of the effects of general anesthesia and 
prolonged recumbency resulting in hypoventilation, 
increased respiratory dead space, and ventilation-per-
fusion mismatch.3,22,23 Although the difference between 
Paco2 and Petco2 in the study reported here was much 
less than that reported for anesthetized animals, direct 
comparisons between studies are not possible, as the 
population of our study consisted of conscious foals.
There was no significant difference in the Paco
2
–
Petco
2
 gradient between healthy and ill foals in the 
present study; thus, values obtained from both healthy 
and ill neonatal foals were combined, resulting in the 
reported Paco
2
–Petco
2
 gradient of 0.1 ± 5.0 mm Hg. 
A number of equine studies have also evaluated the 
Paco
2
–Petco
2
 gradient in anesthetized horses and foals, 
but to the authors’ knowledge, this is the first evalu-
ation of the Paco
2
–Petco
2
 gradient in conscious foals. 
As noted in the previous study3 on foals, the mean 
Paco
2
–Petco
2
 gradients were 7 and 13 mm Hg at 5 to 
60 minutes and 65 to 90 minutes, respectively, after an-
esthetic induction.3 Other studies3,4,21,22 in anesthetized 
adult horses also reflect a higher Paco
2
–Petco
2
 gradient 
in anesthetized horses, and this fact has been attributed 
to increased physiologic dead space, increased ventila-
tion-perfusion ratio, and hypoventilation, among other 
factors.3,4,21,22 Clinically, the Paco
2
–Petco
2
 gradient can 
be used to document and monitor a variety of respirato-
ry or cardiac conditions.24–28 For example, neonatal in-
fants with pulmonary disorders such as persistent pul-
monary hypertension, respiratory distress syndrome, 
pneumonia, or meconium aspiration had a significantly 
higher Paco
2
–Petco
2
 gradient (7.4 ± 3.3 mm Hg) when 
compared with aged-matched healthy controls (3.0 ± 
2.4 mm Hg).25 The Paco
2
–Petco
2
 gradient has also been 
used to support the diagnosis of pulmonary thrombo-
embolism as well as to monitor efficacy of thromboly-
sis in patients with pulmonary thromboembolism.27,28 
Therefore, the Paco
2
–Petco
2
 gradient can be used to 
evaluate or monitor progression of various pulmonary 
or cardiovascular diseases.
In the study reported here, there were instances in 
which the Petco
2
 was higher than the Paco
2
 (Figures 1 
and 2). In theory, this should not occur, but this finding 
has been reported in similar studies5,6,9,23,29,30 on people, 
horses, and dogs. This detail may have contributed to 
the small Paco
2
–Petco
2
 gradient documented in our 
study. The exact reason for the occurrence in the pres-
ent study is unknown, but possible reasons include the 
temporal delay between collection and measurement of 
Paco
2
 and measurement of Petco
2
, errors in calibration 
of the capnograph or blood gas analyzer, overestimation 
of Petco
2
 from interference of water vapor in the cap-
nograph’s sampling chamber, or trapping of CO
2
 within 
the nasopharynx because of increased expiratory resis-
tance from nasopharyngeal obstruction or presence of 
the measuring chamber.31 The fact that Paco
2
 was mea-
sured at a single time point whereas the Petco
2
 was the 
mean measurement obtained over 2 minutes may have 
also impacted results. Other proposed causes of a high-
er Petco
2
, compared with Paco
2
, include excessive CO
2
 
production coupled with low inspired volume or high 
cardiac output, CO
2
 displacement from hemoglobin 
as a result of high inspired O
2
 content, low function-
al residual capacity, and alveoli with low ventilation- 
to-perfusion ratios.32,33
Just as hypercapnia or hypocapnia can be detri-
mental to the health of foals, hypoxemia can be equally 
harmful. Pulse oximetry is a monitoring technique that 
provides immediate information about the patient’s 
pulse rate and oxygenation status and has been investi-
gated in anesthetized horses and foals.13,23,34–37 A previ-
ous study13 in neonatal foals documented a significant 
and strong correlation between Sao
2
 and Spo
2
 (r = 0.93; 
P < 0.001) with a reflectance probe in anesthetized 
foals; in that study, Spo
2
 underestimated Sao
2
, with a 
mean difference between Sao
2
 and Spo
2
 of 5.3%.13 Re-
sults of the present study are the first to report com-
parisons between Sao
2
 and Spo
2
 in conscious neonatal 
foals and suggest that Spo
2
 measured with a reflectance 
probec placed at the base of the tail is a feasible method 
of monitoring Sao
2
.
In the present study, Spo
2
 tended to underestimate 
Sao
2
, with a mean difference of 2.5%. Interestingly, oth-
er studies13,23,36,37 on horses have also documented that 
Spo
2
 generally underestimates Sao
2
. In the study report-
ed here, the limits of agreement were –4.5% to 9.5%, 
indicating that 95% of Spo
2
 measurements were from 
9.5% less than to 4.5% greater than Sao
2
. Manufacturers 
report pulse oximetry accuracy to 1 SD of < ± 3% when 
arterial oxygen saturation is ≥ 70%.12 To incorporate the 
95% confidence interval, this number is doubled (eg, 
< ± 6%). Thus, the manufacturer’s reported accuracy is 
open to interpretation. Overall, pulse oximetry appears 
to provide a good estimate of Sao
2
 and allows clinicians 
to monitor changes in pulse and hemoglobin saturation 
in conscious neonatal foals. Even though 71% of Spo
2
 
values were within 5% of Sao
2
, the authors believe that 
the limits of agreement in the study reported here are 
large enough to indicate that Spo
2
 cannot supplant pre-
cise determination of Sao
2
 via arterial blood gas analy-
sis. Additionally, although the correlation between Sao
2
 
and Spo
2
 in the present study was significant, the actual 
correlation (r = 0.499) was moderate at best. Therefore, 
arterial blood gas analysis should be used to confirm 
and monitor Spo
2
 changes (ie, desaturation of hemo-
globin).
Transmittance probes use a phototransmitter on 
one side of a tissue bed while the photodetector is on 
the other side of the tissue bed, thus requiring a thin 
extremity (eg, ear or finger) or body structure (eg, lip or 
tongue) to be isolated or clamped between the photo-
transmitter and photodetector. A reflectance probe, in 
which both the phototransmitter and photodetector are 
on the same side of the tissue bed, was selected for the 
present study because, in the authors’ clinical experi-
ence, transmittance probes have an inconsistent ability 
to detect a pulse in foals. This observation is supported 
by equine studies34,36 that failed to detect the pulse with 
transmittance probes placed on a nostril, a lip, or the 
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vulva. Furthermore, some transmittance probes do not 
work consistently on darkly pigmented tissue.34,36 Of 
note, consistent detection of the pulse has been docu-
mented when the transmittance probe is placed on the 
tongue13,23,34,36,37; however, this site is not particularly 
feasible in conscious foals. In the study reported here, 
the reflectance probe was always able to detect the foal’s 
pulse and provide an Spo
2
 reading, regardless of skin 
pigmentation. Considering the ease of placement and 
maintenance of the reflectance probe in proper posi-
tion on the ventral aspect of the tail base, the ability 
to consistently detect a pulse, and the relatively good 
agreement with Sao
2
 measurements, the authors sug-
gest that placement of a reflectance probe at this site 
is an ideal method of monitoring pulse rate and Sao
2
 
in foals, particularly if the foal is recumbent for pro-
longed periods because of illness. In turn, real-time 
and continuous assessment of the pulse and Spo
2
 on a 
moment-to-moment basis will facilitate patient moni-
toring as well as response to therapeutic interventions. 
However, the authors would like to reiterate that Spo
2
 
cannot completely supplant arterial blood gas analysis 
on the basis of the findings in the present study.
There are several limitations of this study that 
should be considered. First, simultaneous determina-
tion of measurements, such as Paco
2
 and Petco
2
, was 
not possible; therefore, the gap in time (2 to 5 minutes) 
between measurements could have resulted in temporal 
differences between direct and indirect measurements. 
Another limitation is the fact that clinical patients were 
studied; therefore, deliberate hypercapnia or hypocap-
nia and hypoxemia could not be induced. The Paco
2
 
in this study ranged from 42.8 to 67.1 mm Hg; thus, 
correlations between extremely low or high Paco
2
 val-
ues and Petco
2
 were not investigated. Similarly, Sao
2
 in 
this study ranged from 88.9% to 97.8%; thus, correla-
tion between Sao
2
 and Spo
2
 cannot be made with lower 
(eg, < 80%) Sao
2
 values. A prior study13 in which foals 
were anesthetized allowed manipulation of the Pao
2
 
and Sao
2
. In that study,13 the authors concluded that 
poor precision of Spo
2
 occurred when Sao
2
 values were 
< 80%. However, the authors also stated that the reflec-
tance probe performed more consistently over various 
ranges of Sao2 than did other transmittance probes.
13 
Other studies36,37 in anesthetized adult horses have 
also documented increased variability in the difference 
between Sao2 and Spo2 as well as limits of agreement 
when Sao
2
 values were < 80%. Additionally, in the ideal 
situation, Spo
2
 should have been compared with Sao
2
 
values determined by use of a co-oximeter rather than 
with a calculated value; however, this instrument was 
not available to the investigators of the present study. 
Therefore, it is possible that some error in accuracy 
may occur owing to the use of a calculated, rather than 
measured, Sao
2
 via co-oximetry.
Finally, although the benefits of the noninvasive 
and continuous ability to monitor Petco
2
 and Spo
2
 are 
clear, the inherent limitations of the actual instruments 
(ie, the capnograph and pulse oximeter) must be rec-
ognized. Sidestream capnography slightly increases air-
way resistance and also draws 125 to 500 mL of gas/min 
from the patient, but these factors would be negligible 
in most foals.38 Pulse oximetry has technical limita-
tions, including a limited ability of the instrument to 
detect an arterial pulse in patients with impaired arteri-
al perfusion from shock, hypothermia, or hypovolemia. 
Motion artifact in conscious foals is also a common 
limitation. Clinicians must realize that accuracy of the 
instrument deteriorates when Sao
2
 is < 80% and that 
dyshemoglobinemias (ie, carboxyhemoglobin and met-
hemoglobin) and the use of diagnostic dyes (ie, methy-
lene blue) will provide erroneous results.2,12,13 Further-
more, Sao
2
 is an estimate of Pao
2
, and because of the 
sigmoid shape of the oxygen dissociation curve, large 
changes in Pao
2
 may occur at the upper portions of the 
curve whereas minimal changes are observed in Sao2. 
Thus, a patient, especially one receiving supplemental 
oxygen, may have a dramatic decrease in Pao
2
 with only 
a minimal decrease in Spo
2
. The oxygen dissociation 
curve may also shift as a result of increases or decreases 
in pH or Paco
2
; thus, Spo
2
 should be interpreted in light 
of the patient’s blood pH and Paco
2
.
End-tidal partial pressure of carbon dioxide and 
Spo
2
 have been used as adequate methods of estimating 
and monitoring Paco
2
 and blood oxygenation, respec-
tively, in infants and adults.2,11,39,40 Results of the study 
reported here suggested that Petco
2
 can also be used 
in neonatal foals when assessment and monitoring of 
Paco
2
 is necessary. Determination of pulse rate with a 
reflectance probe was reliable in this study, and Spo
2
 
measurements had acceptable limits of agreement with 
Sao
2
. However, pulse oximetry underestimated Sao
2
 in 
this study. Clinicians should realize the limitations of 
this study and be advised that Petco
2
 and Spo
2
 should 
not replace the judicious use of direct measurement of 
Paco
2
 and Pao
2
 via arterial blood gas analysis, especially 
when marked changes in Petco
2
 or Spo
2
 are observed.
a. Rapidlab, Bayer Heatlhcare, Rarrytown, NY.
b. Oxisensor II RS10, Tyco Healthcare Group, Pleasanton, Calif.
c. Passport2, Datascope Patient Monitoring, Mahwah, NJ.
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